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Figure 1. Cladoniamides A and G and related bisindole alkaloids.
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The formal synthesis of (±)-cladoniamide G, a natural product that exhibits cytotoxicity against human
breast cancer MCF-7 cells, is presented. Our strategy employed a Suzuki–Miyaura coupling to join the
two indole subunits of this natural product.
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Indolocarbazole alkaloids such as staurosporine (1) and
rebeccamycin (2) (Fig. 1) have drawn considerable attention from
the synthetic community because of their numerous interesting
biological activities, especially in the area of oncology.1–3 In 2008,
the Anderson group reported the isolation and structure determi-
nation of cladoniamides A-G from cultures of Streptomyces uncialis
obtained from the lichen, Cladonia uncialis.4 These natural products
represent a new class of alkaloids that possess an unprecedented
indolotryptoline skeleton, which has one of its indole subunits
flipped within the indolocarbazole. Investigations on these alka-
loids have revealed that only cladoniamides A (3) and G (4) possess
significant biological activities, having cytotoxicity against human
colon cancer HCT116 cells (8.8 ng/mL)5 and human breast cancer
MCF-7 cells (10 lg/mL),4 respectively. The absolute stereochemis-
try of cladoniamide A has been assigned as shown in Figure 1 by
single crystal X-ray diffraction. Since cladoniamides A and G are
likely to be biosynthetically related, the absolute configuration of
cladoniamide G can be inferred.4

Our aim was to develop a strategy to synthesize cladoniamide G
and a set of its structural analogs with various substituents on both
indole moieties. Scheme 1 depicts our retrosynthetic analysis of
cladoniamide G. We envisioned that this alkaloid could be derived
from dioxo-bisindole 5, which could in turn be prepared from
bisindole 6. The two indole fragments of 6 could be joined together
by a Suzuki–Miyaura coupling reaction of bromoindole 7 and
boronic acid 8, which could both be prepared in a few steps from
commercially available indole derivatives. Although Pd-catalyzed
cross-coupling reactions have gained popularity and are widely
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Scheme 1. Retrosynthetic analysis of (±)-cladoniamide G.
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used in natural product synthesis, only a few examples of C2–C20

indole–indole couplings have been reported.6 Therefore, we were
interested in further exploring this area, and expanding upon it,
by coupling indoles with novel substitution patterns. This coupling
strategy would allow us to easily prepare a number of different
analogs by varying the substituents on the starting materials 7
and 8.

To test the feasibility of our cross-coupling strategy, we began a
model study with 3-methoxyindole (9)7 as shown in Scheme 2.
Attempts to brominate 9 at C2 with NBS at 0 �C resulted in none
of the desired product, and when the temperature was raised to
room temperature, decomposition occurred. Surprisingly, bromin-
ation of the more electron-deficient N-Boc-3-methoxyindole (10)
took place easily to give bromoindole 11. TLC analysis showed that
the starting material was completely consumed within 15 minutes,
and the desired bromoindole was produced exclusively. However,
this compound was quite unstable and decomposed rapidly when
the crude product was either purified on silica gel or carried on to
next step. Fortunately, purification by flash chromatography on
basic alumina gave compound 11 in a decent yield (79%). To our
delight, the Suzuki–Miyaura coupling reaction of 11 with indolyl
boronic acid 128 in the presence of catalytic PdCl2(PPh3)2 gener-
ated bisindole 13 in 72% yield.9

With this promising result, we synthesized the 5-chloro analog
of 11 as outlined in Scheme 3. Methoxy indole ester 18 was pre-
pared according to the methods described by Dropinski10 and
Bös11 with minor modifications. In the second step, NaOMe/MeOH
was used instead of NaOEt/EtOH to generate methyl carboxylate
17. TLC analysis showed almost exclusively carboxylate 17, but
only a 75% yield was obtained due to isolation problems.
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Scheme 2. Model study on the Suzuki coupling reaction.
Nevertheless, this yield was comparable to that reported by Bös
(79% yield for the ethyl analog of 17). It should be noted that our
attempts to use NaOEt/EtOH produced both 17 and its ethyl analog
in an approximate 1:1 ratio. In addition, dimethyl sulfate was used
in place of diazomethane to generate methoxy indole 18, due to
safety concerns, and did not compromise the yield. The ester group
of compound 18 was then hydrolyzed by aq NaOH and the result-
ing carboxylic acid was decarboxylated using copper powder in
quinoline according to the method described by Cook12 to give
5-chloro-3-methoxyindole (19) in excellent yield. Similar to 9, bro-
mination of 19 resulted in decomposition, but bromination of the
N-Boc indole 20 went on smoothly to generate bromoindole 21
in 75% yield. Compared to the bromination of 10, this reaction took
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much longer to go to completion (3 h vs 15 min), presumably due
to the decreased nucleophilicity of the substrate brought about by
the electron-withdrawing Cl substituent. However, both reactions
gave the desired products in comparable yields. Finally, the Suzu-
ki–Miyaura coupling of 21 and boronic acid 88 provided the desired
bisindole 22 in reasonable yield (69%).

As a final test of our strategy, we employed bisindole 13
(Scheme 4). Removal of the Boc groups of 13 with TFA provided
N,N0-unprotected bisindole 23 in 94% yield. When 23 was treated
with oxalyl chloride in diethyl ether at 0 �C, dioxo-bisindole 24
formed immediately and then precipitated as a red solid. This solid
was easily collected by removal of the solvent and rinsing with
ether/hexanes. 1H NMR spectroscopy of the red solid showed
exclusively the desired product so no further purification was
required. Attempts to modify the carbonyl group of 24 were prob-
lematic as this compound was not soluble in most organic solvents.
Therefore, the indole NH of 24 was reprotected with a Boc group to
make it less polar. In addition, this protecting group would serve as
an electron-withdrawing group to increase the electrophilicity of
the keto carbonyl. It should be noted that this protection reaction
took two days instead of a few minutes, presumably due to the
insolubility of 24 in CH3CN as well as the steric hindrance imparted
by the methoxy group. Although the problem with solubility was
solved, our attempts to reduce or add a nucleophile to the keto car-
bonyl group to form compounds 26a or 27 were unsuccessful. For
example, both of the carbonyl groups of 25 were easily reduced
with NaBH4 to form 26b as indicated by LRMS (m/z = 405.1) and
1H NMR (1H at 4.12 ppm, dd, J = 8.5, 11.0 Hz and 1H at 3.74 ppm,
dd, J = 4.9, 10.9 Hz) data of the isolated, but impure product. Unfor-
tunately, this product decomposed within hours after isolation, so
no further purification was performed. Moreover, an alternative
route with the addition of CN� to the carbonyl in DMSO also
resulted in decomposition.

During our investigations to complete the synthesis of cladonia-
mide G, Anderson and Dake reported the total synthesis of this nat-
ural product from 5-chloroindole in five steps with 15% overall
yield.13 Their strategy was to prepare 5,50-dichloroindigo (28)
and transform it into bisindole 29 (Scheme 5). This compound
was then converted into (±)-cladoniamide G in 81% yield when
treated with linchpin reagent 30, which was prepared from
dimethyl malonate and benzaldehyde in four steps. Intermediate
29 could also be produced from our synthetic route in 84% yield
when di-Boc bisindole 22 was treated with TFA. Hence, we report
here the formal synthesis of (±)-cladoniamide G.
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Scheme 5. Formal synthesis of (±)-cladoniamide G.
In summary, we were able to synthesize bisindole 29 in nine
steps with 27% overall yield from methyl 2-amino-5-chlorobenzo-
ate (14). The reaction of this bisindole precursor 29 and linchpin
reagent 30 was reported earlier by Anderson and Dake to produce
(±)-cladoniamide G. Although our route to prepare 29 is longer,
good-to-excellent yields were obtained in each step in the synthe-
sis resulting in a higher overall yield. In addition, our strategy to
couple two indole subunits together would allow us to vary the
substituents on each indole unit independently, and this modifica-
tion could not be achieved with the route reported by Anderson
and Dake.
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